Abstract In this work, diamond-like-carbon (DLC) films were deposited onto polycarbonate (PC) substrates by radio-frequency plasma-enhanced chemical vapor deposition (RF PECVD), and silicon films were prepared between DLC and PC substrates by magnetron sputtering deposition so as to improve the adhesion of the DLC films. The deposited films were investigated by means of field-emission scanning electron microscopy (FE-SEM), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. Subsequently, the following frictional and optical properties of the films were measured: the friction coefficient by using a ball-on-disk tribometer, the scratch hardness by using a nano-indenter, the optical transmittance by using a UV/visible spectrometer. The effects of incident power upon the frictional and optical properties of the films were investigated. Films deposited at low incident powers showed large optical gaps, which decreased with increasing incident power. The optical properties of DLC films correlated to the sp 2 content of the coatings. High anti-scratch properties were obtained at higher values of incident power. The anti-scratch properties of DLC films correlated to the sp 3 content of the coatings.
Introduction
Optical plastics are gradually replacing glass due to its lightweight, low cost, toughness, and optical properties. Polycarbonates (PC) and polymethylmethacrylates (PMMA) are well-known, commercially available optical plastics, and used in a variety of applications, e.g., automobile headlamps, corrective lenses, plastics vessels, compact discs, protective windows, etc. However, PC and PMMA components are inherently soft and easily scratched or worn out in abrasive conditions, and thus their usage is limited to relatively mild service conditions [1] .
These drawbacks of polymers can be overcome by applying an appropriate coating onto the substrates. The greatest challenge is the sustained adhesion of the layer systems to the substrate [2] , even after hard environmental tests like temperature cycling and different climate storage procedures. Diamond-like-carbon (DLC) films have been successfully deposited on different kinds of substrates by using several techniques [3∼5] . Their high hardness, low friction coefficient, and high chemical inertness have made them great candidates for hard wearing coatings for many applications, including wear and chemical protection of polycarbonate surfaces [6∼10] . Plasma-enhanced chemical vapor deposition (PECV D) is a suitable technique for DLC film deposition on PCs because it is performed at low temperatures (< 190 o C), avoiding any degradation of the polymer substrates [11] . The feasibility of depositing DLC films as coatings on PMMA by using the PECVD technique has been demonstrated in a previous work [12] . In this study, the RF PECVD technique was employed to synthesize DLC films on PC substrates, and silicon films were prepared between DLC and PC substrates to improve the adhesion of the DLC films and the effects of incident power upon the frictional and optical properties of the films were investigated.
Experimental procedure
The PC samples, each with an area of 10×10 mm 2 and a thickness of 2 mm, were used as substrates. After sonicating in acetone and then deionized water, the samples were dried in nitrogen stream prior to the deposition process.
The intermediate Si films were deposited by an RF sputtering system. The system was evacuated with both a mechanical pump and a turbo molecular pump having sufficient pumping speed for water vapor and other residual gases to attain a background pressure of less than 8×10 −4 Pa. The residual gas content was monitored by a residual gas analyzer. Pure argon was used as the sputtering gas. The target was an 8 diameter silicon target. The total sputtering gas pressure was fixed at 1 Pa and no bias was applied. The thickness of the Si film was fixed at 500 nm and the substrate temperature is around 120 degrees.
DLC films were deposited onto PC using gaseous mixtures of CH 4 /Ar, with crystalline silicon (c-Si), and Corning glass substrates were placed on the cathode of a radio frequency (13.56 MHz) asymmetrical capacitively coupled glow discharge reactor. A gas flow of approximately 10 sccm of the gaseous mixtures was fed into the reactor through mass flow controllers during the deposition runs, while the electrode distance and the chamber pressure (monitored by a capacitance manometer) were kept fixed at 3.0 cm and 2.0 Pa, respectively. It must be noted that no temperature control of the substrate holder was exercised during deposition. Therefore, substantial heating of the substrate surface may occur as a result of its interaction with the plasma, mainly for depositions at high power densities. In this work, DLC films were deposited at different incident powers ranging from 50 W to 150 W. Incident power was limited to 150 W because larger values of incident power resulted in surface damage to the PC substrate and had to be avoided. The growth rate of DLC film was 6.5∼10 nm/min, and the thickness of the resultant film was limited to 150 nm in this experiment.
The surface morphology was evaluated by field emission SEM (JSM-6500F, JEOL, Tokyo, Japan) and a Dimension 3100 AFM (Digital Instruments, Veeco, CA, USA) in tapping mode at ambient temperature. The chemical structures of the carbon, oxygen and silicon atoms on the surface and near surface of the obtained DLC films were analyzed by XPS (PHI-5700, PHI, Minnesota, USA). Structural analysis of the films was performed with a visible Raman spectroscope (JY Labram HR 800, Jobin-Yvon, France).
The friction coefficient tests of the DLC films were carried out without lubrication using a home-made ballon-disk tribometer at room temperature. Scratch tests were performed using a nanoindenter (Nanoindenter II R , Nano Instruments, USA), and the reported values were averaged from five separate indents.
Refractive index measurements were done by using the Abeles-Hacskaylo technique [3, 13] with a 633 nm He-Ne laser beam. Optical transmittance was measured with a UV/visible spectrophotometer (DR/4000U, Perkin-Elmer, USA) for the determination of the optical gap E 04 , defined as the energy where the absorption coefficient is equal to 10 4 cm −1 [3] . As some of the samples presented optical gaps close to the gap of polycarbonate, Corning glass was employed for the optical measurements so as to avoid the influence of the strong substrate absorption. In all other cases, glass and PC samples presented very similar values of optical gap and refractive index. Fig. 1 shows the FE-SEM picture of the DLC film deposited on PC at an incident power of 100 W, and it can be seen that the surface is very smooth. From the surface roughness test by AFM, it was found that the resultant films had a negligible surface roughness from 5.4 nm to 1.7 nm (lateral bandwidth of 1 µm) as incident power varies from 50 W to 150 W. This dependence of surface roughness on incident power may be related to thermal effects on the growing film surface. The contents of Si, C and O were tested in the films by XPS analysis. These quantities were measured, respectively, from contributions of C 1s (∼285 eV), Si 2p (∼100 eV) and O 1s (∼531 eV). Fig. 2(a) shows the correlation between incident powers and silicon/carbon atomic concentrations. With an incident power of 150 W, the silicon concentration increased to 9 at.% and the carbon concentration dropped to 78 at.%. The oxygen is more likely to originate from air exposure of the surface. Compared to XPS data obtained from pure graphite with a FWHM of 0.6 eV and diamond of 1.0 eV [14, 15] , the C 1s peaks obtained in this study were broad with a FWHM of ∼1.7 eV. This indicates possible presence of several bonding configurations for the C 1s peak. The following contributions were deconvoluted (see Fig. 2(b) ): C-Si at 284.0 eV, C C at 284.9 eV, C-C at 285.6 eV and C-O at 287.0 eV. The sp 3 components include the C-Si bonds at 284.0 eV, and the C-C or C-H groups at 285.6 eV. Thus, the sp 3 /sp 2 fractions can be evaluated by the integrated area of these bands over the C C band at 284.9 eV. From Fig. 2(b) it can be found that this sp 3 /sp 2 ratio is around 1.8. The Raman spectra of carbon materials, at any wavelength, depend on several factors, such as disorder in bond length and in bond angle, clustering of the sp ratio. Yet, a study focused on visible and UV spectra can provide relevant information on the fraction of sp 2 sites and their degree of order in amorphous carbon [16∼18] . From the visible Raman spectra for the films prepared at different incident powers, all of them originate from the sp 2 C-C bonds: the "G" peak centered at ∼1580 cm −1 and the "D" peak at ∼1360 cm −1 . The "D" peak is attributed to the breathing modes of the hexagonal rings while the "G" peak is due to the relative motion of sp 2 hybridized atom pairs [19] . The Raman spectra were fitted with a Lorentzian line shape for both the "G" peak and the "D" peak, (see Fig. 3 ). The Raman shift corresponding to the peak value of the Lorentzian function was considered, to compare with literature data where symmetric line shape fitting is adopted. The fitting parameters, namely, the position of the "G" peak, and the intensity ratio of the "D" to the "G" peak, I(D)/I(G), versus incident power, are shown in Fig. 4 . A dramatic change of the fitting parameters for incident power between 50 W and 150 W is clear. The "G" peak position remains almost constant, around ∼1565 cm −1 . With increasing incident power, the "G" peak broadens and becomes more symmetric, while the remainder centered around 1565 cm −1 . The intensity ratio, I(D)/I(G), decreases with increasing incident power. In addition, by fitting the spectra with two Gaussian curves, instead of the previous ones, we obtained results similar to those shown in Fig. 4 . All the above features are typical of visible Raman spectra of films with high sp 3 content [20, 21] . It is expected that the bonding and properties of DLC films fall into three regimes defined by the ion energy or incident power used in deposition. At low incident powers, the films have large sp 3 content and low density. The films are called polymeric. At intermediate incident powers, the sp 3 content is less and the films have a maximum density. In this regime, the amount of C-C sp 3 bonding reaches its maximum and the films have their highest diamond-like character. At high incident powers, the bonding has become increasingly sp 2 like and the films can be called graphitic [19] . Fig.3 Raman spectra of DLC film deposited at incident power of 50 W (color online)
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Fig.4 (a) G-peak position and (b) I(D)/I(G) of Raman spectra (514 nm) of DLC films as a function of incident power
DLC films showed very interesting frictional properties. Friction data of DLC films deposited at incident power of 100 W are presented in Fig. 5(a) . The friction coefficient of samples as a function of the incident power is shown in Fig. 5(b) . The obtained data point for bare PC is shown for comparison, which is represented by a star. Friction coefficient (µ) for bare PC is about 0.51, and around 0.25 for the DLC film deposited samples. The friction coefficient of DLC coated PC was found to be much lower than that of bare PC substrates irrespective of the deposition conditions employed. In our previous work, it was found that the tribological behavior of DLC film appears to be controlled by the graphite transfer layer formed by the thermal and strain effects during the sliding wear test, and a self-lubricating effect on sliding friction can be realized [22] . Furthermore, from Fig. 5(b) it can be seen that friction coefficient decreases with increasing incident power. Lower friction coefficient with an increase of the incident power might be attributed to the enhancement of the film hardness and the transition from soft, polymeric to graphitic films. This led to a less concave area on the film surface induced by the pressure of the steel ball on the film surface [18] . A nano-indenter was used to measure the scratch hardness of the PC samples before and after depositing DLC films. It is well known that, for accuracy, the indentation depth must be limited to a fraction of order 10% of the total film thickness [18] . This is particularly important for the case of hard coating on soft films, such as DLC on PC in this study. Since the deposited DLC films are not thicker than 200 nm and the indentation depth is around 50 nm, the film hardness is certainly underestimated due to the influence of the comparatively soft substrate [23] . Fig. 6 shows the behavior of scratch hardness of samples as a function of the incident power. The obtained data point for bare PC is also shown for comparison, which is represented by a star. Scratch resistance of DLC coated PC was found to be considerably superior to that of the bare PC substrates irrespective of the deposition conditions employed. In our experiment, the obtained scratch hardness of DLC coated samples is up to 2.5 times larger than that of bare substrates. High values of scratch hardness were obtained for the films deposited at relatively high values of incident power. This fact scales roughly with the incident power value where sp 3 content is found to reach maximum. Fig. 7 shows the influence of incident power on the optical transmittance of DLC films. The transmission percentages were calculated by dividing the measured transmission of DLC samples by the measured one of a bare PC substrate. In order to diminish the effect of Si interlayer absorption on the optical transmittance of DLC films, the thickness of the Si interlayer was limited around 10 nm. The DLC film deposited at 50 W of incident power shows around 90% of optical transparency. For the samples prepared at higher incident power, the transmittance decreases slightly into around 80% of average value for the visible range. Obviously, DLC films exhibit good transparency in the visible region, and the transparency is degraded in the UV region. The whole transmittance decreases as the incident power increases, as well as the number of sp 2 bonds in the films [3] . The change in the bonding structure increases the density of p electrons, and thus, the absorbance of DLC films in the visible range increases. The transmittance in the visible range decreases as a result. Results of the obtained optical gap E 04 of deposited films are presented in Fig. 8(a) as a function of incident power. Incident power appears to be the major parameter affecting the optical gap of the films. The largest optical gaps of slightly less than 3 eV (comparable to the optical gap of PC, E G = 3.15 eV) were obtained for films deposited at lower incident powers. Values of the refractive index of deposited films as a function of incident power are shown in Fig. 8(b) . All values of refractive index of the films are approximately in the range of 2.0∼2.13, larger than the refractive index of the PC substrates, n = 1.586. As shown in Fig. 8(b) , there is a tendency of an increase of refractive index as the incident power is increased. The above-described behavior of the optical properties of DLC coatings can be understood based on our previous results for the compositional and structural characterization of DLC films [12, 22] . As the incident power is increased, the hydrogen concentration is decreased and the material changes from polymerto diamond-and then to graphite-like structure [18, 24] . So, films deposited at higher incident power present an increased fraction of sp 2 carbon atoms. Therefore, the slight decrease of the optical gap observed with increasing incident power is thought to be due to the increased content of (sp 2 ) carbon atoms and the reduced hydrogen content of the films. It should be noted that we obtained DLC/Si/PC films with a simple configuration of the deposition system, without any high vacuum pumping system. This result is significant because our films were deposited in a vacuum considerably worse than that sometimes suggested as necessary to obtain DLCSi/PC [10] .
Conclusion
In this work, DLC coatings were formed on polycarbonate substrates by using the RF PECVD technique using gaseous mixtures of CH 4 +Ar. The effects of incident power upon microstructural, frictional and optical properties of the films were investigated. Deconvolution of the C 1s peak permitted to calculate the sp 3 /sp 2 ratio from C-C, C-Si and C C contributions. This ratio was found to be around 1.8. We showed that the incident power affects the structure evolution of the growing film. Films deposited at low incident powers showed the highest optical gaps, which decreased with increasing incident power. The refractive index of the coatings was determined to be in the range of 2.0∼2.13 and can be controlled by the deposition conditions. High scratch resistance was obtained at higher values of incident power. It is implied that frictional and optical properties are correlated to the sp 3 and sp 2 content depending on the incident power. The observation of good scratch protection for films with large optical gaps is very interesting from the viewpoint of optical applications.
